The filamentous fungus Penicillium olsonii secretes several polygalacturonases (PGs) with molecular masses of about 47 kDa. These enzymes consist of several basic and acidic isoforms, with dominant activities at pI 4.5 and pI 7.9. Two polygalacturonase genes, pg1 and pg2, have been cloned. The corresponding enzymes, PG1 and PG2, consist of 370 and 380 amino acids, respectively, and show significant similarities to endo-polygalacturonases from other filamentous fungi. Targeted disruption of pg1 resulted in the elimination of all basic PG isoforms. In contrast, disruption of pg2 reduced, but did not eliminate the acidic PG activities. The PGs of P. olsonii must therefore be encoded by a gene family of at least three genes. Induction studies with various carbon sources revealed that the acidic and basic isoforms are differentially regulated. Pectin is the best inducer of the acidic PG isoforms. The basic isoforms, however, are best induced by monosaccharides like glucose, K-L-rhamnose and K-L-arabinose. ß
Introduction
Polygalacturonases (PGs) are involved in the degradation of pectin, a complex heteropolysaccharide found in the middle lamella and the primary cell wall of higher plants and in fruits. PGs ful¢ll diverse functions in plant development, e.g. during fruit ripening [1] . They also mediate enzymatic degradation of the plant cell wall during pathogenic attack by fungi or bacteria [2, 3] and saprophytic decay. This class of enzymes is of considerable importance with respect to food biotechnology industry. PGs from ¢lamentous fungi are components of the pectinase mixtures widely used in processing of beverages [4] . Therefore, the investigation of new enzymes involved in pectin degradation may provide further insights into this large family and also extend the repertoire of PGs potentially useful in food biotechnology.
In our study, we investigated the polygalacturonases of the ¢lamentous fungus Penicillium olsonii. Species of Penicillium are often associated with post-harvest diseases [5] or are pathogenic on intact growing plants [6] . P. olsonii is among the rarest clearly distinct species of the genus Penicillium [7] and was described in association with a damping-o¡ disease of eucalyptus seedlings [8] . P. olsonii can also infect intact leaves of Arabidopsis thaliana and secretes PGs during the infection process (W. Scha «fer, unpublished results).
Here, we report the cloning of two polygalacturonase genes of P. olsonii, pg1 and pg2. Targeted disruption of pg1 and pg2 proved the existence of a multigene family encoding polygalacturonase in P. olsonii. The enzymatic activities encoded by these genes can be di¡erentially induced by various carbon sources.
Materials and methods

Fungal material and culture conditions
The fungus was isolated from leaves of A. thaliana 
Transformation of P. olsonii
Protoplasts from P. olsonii were prepared as described for Aspergillus nidulans [9] . For transformation 10 7 protoplasts in 100 Wl STC medium were gently mixed with 50 Wg plasmid DNA and two volumes of polyethylene glycol. Aliquots of transformed protoplasts were plated in 15 ml molten acetamide medium [10] . Transformants were puri¢ed by single conidiation.
Plate assay for PG activity
Transformants were inoculated on agar plates consisting of minimal medium supplemented with either 0.2% pectin and 1% glucose (for pg1 transformants) or 0.2% pectin (for pg2 transformants), pH 4.5. After 3^4 days of growth, 1% hexadecyltrimethylammonium bromide solution was poured on the plates and left for 20 min at room temperature.
PG activity produced a transparent halo around the colony, while the rest of the medium stained white due to precipitating polygalacturonic acid residues.
SDS^PAGE
Proteins were separated in 12% SDS^polyacrylamide gels [11] . For detection of PG activity, 0.1% pectin was polymerized into the gel matrix. After electrophoresis, the gels were renatured twice for 30 min in water and afterwards incubated in 50 mM citrate bu¡er, 10 mM EDTA, pH 4.5 for 1 h at room temperature. Staining for PG activity was done with 0.02% ruthenium red solution.
Induction of pectolytic enzymes and isoelectric focusing (IEF)
To induce polygalacturonases, P. olsonii was grown in liquid minimal medium with di¡erent carbon sources at a pH of 4.5. Cultures were incubated for 4^5 days at 28³C and 150 rpm. After centrifugation the culture £uid was concentrated in ultracentrifugation units (Centricon 10, Amicon). IEF of the concentrated culture £uid was performed with precoated IEF gels, pH 3^10 or pH 4^6 (Servalyt Precotes, Boehringer Mannheim) using the Multiphor II electrophoresis system (Pharmacia). Preparation and staining of agarose overlays to detect PG activity was performed according to Ried and Collmer [12] .
2.6. Sequencing of PG2 peptides P. olsonii mutant 14, with a disrupted pg1 gene, was grown for 3 days in minimal medium with 0.2% pectin. The 10-fold concentrated culture £uid was separated on a 12% SDS^polyacrylamide gel and blotted onto a PVDF membrane (Immobilon P, Millipore) [13] . The 47-kDa PG2 protein band was cut out from the membrane and digested with AspN (Boehringer). The resulting peptides were separated by HPLC (120A analyzer, Applied Biosystems) and sequenced with a protein sequenator (477A, Applied Biosystems) by Edman degradation.
2.7. Isolation of genomic DNA and RNA from P. olsonii and cDNA synthesis
For isolation of genomic DNA the fungus was grown for 2 days in complete medium. Harvested mycelium was frozen in liquid nitrogen and lyophilized. DNA isolation was done using standard protocols [13] . For RNA isolation the fungus was grown in minimal medium with 0.2% pectin for 4 days. Poly(A) mRNA was isolated as described [14] . cDNA was synthesized using the ZAPcDNA synthesis kit (Stratagene).
Construction and screening of a genomic Lambda library of P. olsonii
A genomic library of wild-type P. olsonii was constructed with the LambdaFixII/XhoI partial ¢ll-in vector kit (Stratagene). Hybridization with PCR-generated probes for pg1 (nucleotides 414^862 of the genomic sequence) and pg2 (nucleotides 540^1143 of the coding sequence) was performed with the digoxigenin-11-dUTP system (Boehringer Mannheim).
Construction and screening of a 3P-RACE cDNA library of P. olsonii
A 3P-RACE cDNA library of wild-type P. olsonii was constructed using the 3P-RACE system of Gibco-BRL as described in the manufacturer's protocol. Sequences of the internal primers were ACNTTYACNGGNGGNTTR, ACNTTYACNGGNGGNCTN, AAYAGYCCNGTNC-ARGTNTTY, and AAYTCNCCNGTNCARGTNTTY.
The library was screened with an [K 32 P]dCTP-labelled 1.3-kb EcoRI/NotI cDNA fragment of the PG gene of Fusarium moniliforme [15] as a heterologous probe. Plating and low stringency hybridization of the library were done according to standard procedures [13] .
Sequencing of pg1 and pg2 and sequence analysis
Nucleotide sequences were determined by the dideoxynucleotide chain termination method [16] using the Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer). Sequence analysis was done with the DNAStar program (Lasergene). Calculation of similarity percentages was performed using the CLUSTAL algorithm. Homology searches in the EMBL/GenBank databases were done with the FASTA program [17] .
Polymerase chain reaction
PCR was performed by standard procedures [13] . The primer sequences for the ampli¢cation of internal pg1 fragments were TGG TGG GAY RGM AAG GG (5P-primer) and TAR TCC TGC TSR ATR ACS AYR CCG TA (3P-primer).
Construction of plasmid pAG and the disruption vectors for pg1 and pg2
Plasmid pAG was constructed by subcloning the acetamidase gene (amdS) of A. nidulans from plasmid p3SR2 [18] into plasmid pNOM102 [19] . The amdS gene of A. nidulans served as a selection marker allowing growth on medium with acetamide as sole nitrogen source. Transformation vector pAGvpg1 for pg1 inactivation was constructed by inserting a 589-bp fragment of the pg1 gene (nucleotides 358^946 of the genomic sequence) into the EcoRI site of plasmid pAG. Accordingly, the pg2 disruption vector pAGvpg2 was constructed by ligating a 564-bp PCR fragment of pg2 (nucleotides 357^920 of the genomic sequence) into the EcoRI site of pAG.
Results
Analysis of a strong PG activity of P. olsonii
The growth of P. olsonii on minimal medium supplemented with di¡erent substrates was investigated. Growth was observed using casein, cellulose, olive oil, cutin, and pectin as sole carbon sources. Pectin was found to support the most growth as measured by mycelium dry weight (data not shown), and therefore the pectinase activities were further characterized.
After 4 days of growth in minimal medium with 0.2% pectin as sole carbon source, the fungus secreted large amounts of pectinolytic enzymes into the medium. In concentrated culture £uid a strong PG activity corresponding to a molecular mass of about 47 kDa was demonstrated by zymography in renatured pectin-SDS gels (Fig. 1A) . The analysis of this activity by IEF revealed that P. olsonii secreted multiple basic and acidic PG isoforms (Fig. 1B) . The dominant acidic PG activity has a pI of 4.5; several lower activity isoforms exist with pIs between 4.5 and 5.4. The addition of 5% glucose to pectin repressed the acidic PG activity completely, but strongly induced the basic PG isoforms. The dominant basic PG isoform has a pI of 7.9; several minor isoforms exist with pIs between 7.1 and 7.9.
Cloning and sequence analysis of pg1
Degenerate oligonucleotide primers (see Section 2 for primer sequences) were derived from amino acid sequences conserved among the PG family of ¢lamentous fungi, WWDGKG and YGI/VVIQ/EQD/NY. Ampli¢cation from genomic DNA yielded a 589-bp fragment with a signi¢cant degree of similarity to endo-PGs of ¢lamentous fungi suggesting it to be the central part of a PG gene of P. olsonii which we termed pg1. From cDNA, a 539-bp fragment could be ampli¢ed. Sequence comparison with the genomic fragment indicated the presence of a 50-bp intron.
A part of the genomic pg1 fragment was used to screen a genomic Lambda library of P. olsonii. Two positive clones were characterized by restriction enzyme digestion, Southern hybridization and sequencing. Both clones contained the complete coding sequence including several kb of the 5P-and 3P-regulatory sequences (data not shown). The pg1 genomic sequence is in the EMBL/GenBank databases under accession number AJ243521.
The coding sequence of pg1 comprises 1113 bp and is interrupted by a short intron of 50 bp. The predicted pro- tein product of pg1 consists of 370 amino acids and shows 53^65% similarity to other fungal endo-PGs. According to Nielsen et al. [20] , a putative signal sequence is most likely cleaved after alanine 18. Two putative N-glycosylation sites are found at positions 248^250 and 301^303. The calculated molecular mass of the full-length protein is 38.1 kDa ; the calculated pI is 6.8.
Targeted disruption of pg1
To evaluate which PG activity is encoded by the pg1 gene, the endogenous pg1 gene was disrupted by homologous integration. Disruption vector pAGvpg1 was constructed by ligating a central pg1 fragment into plasmid pAG. Eighty transformants with stable integration of pAGvpg1 could be recovered by selection on acetamide agar. Plate tests for PG activity showed that in four independent transformants PG activity was reduced. Hybridizing DNA from these transformants with the central pg1 fragment of pAGvpg1 revealed that pg1 had been disrupted by homologous integration of the targeting vector ( Fig. 2A) .
To investigate which PG activity had been eliminated by the disruption of pg1, the wild-type and two pg1 transformants were grown for 4 days in minimal medium supplemented with either 0.2% pectin or 0.2% pectin and 1% glucose to induce the acidic and basic PG isoforms, respectively. Concentrated culture £uids were then analyzed by IEF. All isoforms of the basic PG activity were eliminated by the inactivation of pg1 (Fig. 2B) . In contrast, the acidic isoforms of PG activity were not a¡ected by the disruption of pg1 (Fig. 2C) .
Cloning and sequence analysis of pg2
Next, we wanted to isolate the gene for the acidic enzyme. Low stringency hybridization of the above genomic library with a pg1 probe yielded no positive clones, so it was decided to obtain the protein sequence. A protein band corresponding to the acidic activity was isolated, digested and fragments were sequenced. Two peptides were obtained with the sequences TFTGGL and NSPVQVF. From these sequences degenerate oligonucleotide primers were derived and used as internal primers for the construction of a 3P-RACE cDNA library of P. olsonii. This library was hybridized under non-stringent conditions with a cDNA fragment of the polygalacturonase gene from F. moniliforme as a heterologous probe. The Fusarium gene has only low similarity to other fungal PG genes and was therefore chosen for the hybridization. One positive clone was identi¢ed. Sequence analysis of the 738-bp insert revealed that it was the 3P-part of the coding region of a second PG gene from P. olsonii which was termed pg2. A part of this fragment was used as a probe to screen the genomic Lambda library of P. olsonii. Two positive clones were characterized as described above for pg1. The pg2 genomic sequence is in the EMBL/GenBank database under accession number AJ243522.
The coding sequence of pg2 comprises 1143 bp, interrupted by three introns of 58, 52, and 54 bp, respectively. The existence of introns 2 and 3 was con¢rmed by comparison with the pg2 cDNA fragment. The position of intron 1 was derived by comparison with the amino acid sequences of other fungal endo-PGs. The position of intron 2 corresponds exactly to the position of the pg1 intron. The predicted protein product of pg2 consists of 380 amino acids and has 47^64% similarity to other fungal endo-PGs. A signal sequence is probably cleaved after alanine 27. Two putative N-glycosylation sites are found at positions 287^289 and 311^313. The theoretical molecular mass of the full-length protein is 38.6 kDa; the theoretical pI is 4.5.
Both genes exist in one copy in the genome of P. olsonii (data not shown) and share 56.3% similarity with each other.
Targeted disruption of pg2
Disruption of pg2 was performed analogous to disruption of pg1. Three hundred and forty-nine transformants were tested for reduced PG activity in a plate PG assay, and 27 of these were further characterized by Southern analysis. In seven independent transformants the pg2 gene had been disrupted by homologous integration of pAGvpg2 (Fig. 3A) .
To investigate the e¡ects of pg2 disruption, the PG activities of the wild-type and three pg2 transformants were compared after induction with 0.2% pectin (Fig. 3B) . All pg2 mutants showed a clear reduction of the acidic PG activities, and only the wild-type had the most prominent isoform at pI 4.5. However, inactivation of pg2 did not lead to an elimination of all acidic PG activities, as the pg2 mutants still had considerable residual activity. Hence, pg2 encodes an enzyme that contributes a major part, but not all of the acidic PG activities, which therefore must be the products of at least two genes.
Di¡erential induction of the PGs of P. olsonii
To investigate further the regulation of the PG activities of P. olsonii, we tested di¡erent carbon sources as substrates. Apart from 0.2% pectin and 0.2% sodium polygalacturonate (Na-PGA), we used 50 mM K-L-arabinose, 50 mM L-D-galactose, and 50 mM K-L-rhamnose, either as sole carbon source or in combination with 0.2% Na-PGA. These three monosaccharides were chosen because they are main components of the pectin matrix of the plant primary cell wall [21] and therefore an important nutrition source for a facultatively biotrophic fungus like P. olsonii.
The fungus was grown for 5 days in liquid minimal medium supplemented with the respective sugar as sole carbon source. IEF analysis revealed that pectin, and not Na-PGA, was the best inducer of the acidic polygalacturonases (Fig. 4) . Na-PGA in combination with either arabinose or rhamnose was also a better inducer than Na-PGA alone. In contrast, the induction of the basic PG1 was only relatively weakly stimulated by pectin and not stimulated by Na-PGA. Interestingly, PG1 induction was stimulated by arabinose and rhamnose, and to a lesser extent by galactose, as sole carbon sources. The addition of 5% glucose to 0.2% pectin repressed the acidic PG activities, but strongly induced expression of PG1 (Fig.  1B) .
Discussion
Sequence analysis
Two polygalacturonase genes, pg1 and pg2, were cloned from P. olsonii. They share a relatively low degree of similarity (56.3%) and have the highest degree of similarity, 66.1% and 57.6%, respectively, to the endo-PG gene pecA from Aspergillus parasiticus [22] . The position of the ¢rst pg2 intron corresponds exactly to the position of the ¢rst pecA intron, and the position of the pg1 intron and the second pg2 intron corresponds exactly to the position of the second pecA intron. Thus, pg1 and pg2 from P. olsonii 3 . A: Disruption of the pg2 gene of P. olsonii by homologous integration of the transformation vector pAGvpg2. Genomic DNA of wildtype (WT) P. olsonii and eight independent transformants (Tx) was cut with EcoRI and hybridized with the internal pg2 fragment of pAGvpg2. Homologous integration of pAGvpg2 resulted in a shift of the WT pg2 signal in Tx 25, 137, 173, 192, 208, 213 , and 261. Tx 25 showed both homologous and ectopic integration of the targeting vector. Tx 7 showed ectopic integration of pAGvpg2. B: Disruption of pg2 resulted in a reduction, but not elimination of the acidic PG activities of P. olsonii. The agarose overlay of a pH 4^6 gel is shown. 10 Wl of 20-fold concentrated culture £uid was analyzed by IEF. PG1 is concentrated in the cathode region of the gel. and pecA from A. parasiticus might have derived from a common ancestor. Furthermore, it is remarkable that of all Penicillium species, P. olsonii is most morphologically similar to the genus Aspergillus [7] .
The proteins encoded by pg1 and pg2 consist of 370 and 380 amino acids, respectively. Both enzymes have a putative signal sequence, which is expected for secreted enzymes, and two putative N-glycosylation sites. Glycosylation could, at least partly, explain the di¡erence between the calculated and the apparent molecular mass of PG1 and PG2 in SDS^PAGE. It can also explain the occurrence of several isoforms of PG1, as di¡erent glycosylations can result in slight changes of the isoelectric point [23] .
Disruption of pg1 and pg2
All basic PG isoforms of P. olsonii were eliminated by the inactivation of pg1. In contrast, disruption of pg2 did not lead to a complete loss of the acidic PG activity. Therefore, P. olsonii possesses at least three PG genes, which is consistent with the occurrence of multigene families encoding PG often found with saprophytic or biotrophic fungi [24] . The saprophytic fungus Aspergillus niger for example possesses at least four endo-PG genes. The enzymes produced by these genes show considerable di¡er-ences with respect to substrate speci¢city, cleavage rate, and optimal pH for activity [25] . An obvious explanation for this redundancy is the greater £exibility as a saprophyte or pathogen, as di¡erent enzyme speci¢cities can result in di¡erent substrate speci¢cities and greater tolerance to environmental changes [26] .
Di¡erential induction of the PGs of P. olsonii
The PG activities of P. olsonii could be di¡erentially induced by various carbon sources. Pectin, and not the pure substrate Na-PGA, was the strongest inducer of the acidic PGs. Similar results have been reported for an endo-PG from Fusarium oxysporum [27] . In our study, Na-PGA in combination with 50 mM K-L-arabinose or in combination with 50 mM K-L-rhamnose was a better inducer than Na-PGA alone, which suggests that the presence of these sugar residues in pectin [21] makes it a better inducer of PGs than Na-PGA.
In contrast, PG1 activity was only relatively weakly stimulated by pectin, but could be better induced by various monosaccharides as sole carbon source (Fig. 4) . A similar result was reported for the endo-PG from Colletotrichum lindemuthianum [28] , where the induction with K-Larabinose or K-L-rhamnose led to a ¢ve-fold higher enzyme activity in comparison to induction with pectin. Why can these monosaccharides stimulate the expression of a PG? Arabinose, galactose and rhamnose are components of the side chains of pectin [21] . It is possible that, during the degradation of pectin, for steric reasons the side chains are attacked ¢rst. The monosaccharides thereby produced could then trigger the expression of PGs, which degrade the pectin backbone.
The addition of glucose to pectin massively induced PG1 expression and repressed the acidic PGs. The repression of PGs by glucose has been observed many times, but induction by glucose has only been described in a few cases [29, 30] . The induction of PG1 from P. olsonii by glucose is therefore another example of non-catabolite repression.
Future investigations will concentrate on the cloning of further PG genes in P. olsonii and on the mechanisms of di¡erential regulation of the corresponding enzymes. For these studies, P. olsonii is well suited, as it is easily amenable to molecular genetic techniques.
